Ixodes scapularis ticks transmit many pathogens, including Borrelia burgdorferi, Anaplasma phagocytophilum, and Babesia microti. Vaccines directed against arthropod proteins injected into the host during tick engorgement could prevent numerous infectious diseases. Salp14, a salivary anticoagulant, poses a key target for such intervention. Salp14 is the prototypic member of a family of potential I. scapularis anticoagulants, expressed and secreted in tick saliva during tick feeding. RNA interference was used to assess the role of Salp14 in tick feeding. Salp14 and its paralogs were silenced, as demonstrated by the reduction of mRNA and protein specific for these antigens. Tick salivary glands lacking Salp14 had reduced anticoagulant activity, as revealed by a 60 -80% reduction of anti-factor Xa activity. Silencing the expression of salp14 and its paralogs also reduced the ability of I. scapularis to feed, as demonstrated by a 50 -70% decline in the engorgement weights. Because ticks have several anticoagulants, it is likely that the expression of multiple anticoagulants in I. scapularis saliva would have to be ablated simultaneously to abolish tick feeding. These studies demonstrate that RNA interference can silence I. scapularis genes and disrupt their physiologic function in vivo, and they identify vaccine candidates that can alter vector engorgement.
I
xodes ticks are obligate ectoparasites distributed worldwide, and they are vectors of human pathogens (1) . Ixodes scapularis can harbor multiple pathogens, including Borrelia burgdorferi, the Lyme disease agent (2) ; Anaplasma phagocytophila, the causative agent of human granulocytic ehrlichiosis (3); Babesia microti; and tick-borne encephalitis virus (4, 5) . Coinfection and cotransmission of more than one pathogen have been reported (6) .
Unlike most hematophagous arthropods that engorge rapidly, ixodid ticks usually take 4-10 days to feed to repletion (7) . Ticks are pool feeders that tear their way into the dermis by cementing their hypostome into the skin of a mammalian host, and they suck the blood and fluids that are drained into the resulting wound (8) . Components of tick saliva establish and regulate engorgement and facilitate pathogen transmission (9, 10) . These molecules promote tick attachment and microbial infectivity by modulating host immune responses and hemostasis, among other functions (9) . The generation of immunity against these antigens may alter tick engorgement. Components of I. scapularis saliva, therefore, have potential as vaccines.
Tick salivary proteins with antihemostatic activities maintain the blood meal in a fluid state. Ixolaris, an inhibitor of the factor X-tissue factor VIIIa complex (11) , and Salp14, an inhibitor of factor Xa (12) , represent two of the prototypic anticoagulants that have been identified in I. scapularis saliva. Proteins that modulate various host immune responses have been characterized also from ixodid tick saliva (13) (14) (15) (16) . Establishing the physiological relevance of these proteins has relied on conventional protein immunization techniques. Typically, this effort requires the generation of recombinant proteins that can effectively induce neutralizing antibodies against the native salivary protein. Often, recombinant proteins do not mimic the antigenic epitopes of native proteins entirely. Compounding the problem is the observation that the transcriptome of I. scapularis is composed of structural and functional paralogs of many genes (17) . Therefore, despite aggressive research, bridging the gap between genomics and functional proteomics remains a tedious task and has hampered the development of vaccines targeting the tick vector.
Posttranscriptional gene silencing by RNA interference (RNAi) provides a powerful alternative to traditional genetics and, thus, has revolutionized the analysis of gene function in nonmodel organisms (18) (19) (20) . RNAi is mediated by long double-stranded RNA (dsRNA) or small interfering RNAs (siRNAs). Introduction of dsRNA or siRNA into a cell triggers the destruction of the cognate mRNA (21) . In a recent report, Aljamali et al. (22) have shown the feasibility of RNAi to abrogate the expression of a histaminebinding protein in the tick Amblyomma americanum. We report here the usefulness of RNAi for examining the physiological role of Salp14, an anticoagulant identified in I. scapularis (12) . Salp9pac, a structural paralog of Salp14, was identified also in the salivary gland extracts of I. scapularis nymphs and adults (12) . Recombinant Salp14 (rSalp14) showed anticoagulant activity, whereas rSap9pac did not show any anticoagulant activity (12) . It is now evident that at least 30 additional paralogs of Salp14 are present in I. scapularis nymphs (E.F., unpublished data) and adults (17) . The Salp14 paralogs may exemplify a parsimonious strategy adopted by the tick to target different components of the coagulation cascade or serve other functions. We show that dsRNA-mediated interference disrupts the expression of the majority of the structural paralogs of the Salp14 family, and we begin to address the physiological significance of the Salp14 family.
Materials and Methods
Ticks and Tick-Immune Sera. I. scapularis nymphs were obtained from a tick colony at the Connecticut Agricultural Experiment Station (New Haven, CT). Nymphs were fed to repletion on pathogen-free C3H͞HeN mice and allowed to molt to adults. All feeding experiments involved placing 15 adult female I. scapularis on each ear of either naïve or tick-immune New Zealand White rabbits. Ears were secured with cotton socks, and a restraining collar was placed around the neck of each rabbit. Adult I. scapularis males were placed with females at a 1:1 ratio to ensure mating and feeding. To obtain tick-immune rabbits, three New Zealand White rabbits (Charles River Breeding Laboratories) were sensitized to ticks by three infestations with 30-40 adult ticks per animal, with a resting period of 21 days between challenges. To obtain tickimmune rabbit sera, the animals were killed 4 weeks after the final challenge and blood was collected by cardiac puncture (23) .
Generation of dsRNA. Fed-adult salivary gland cDNA was prepared as described for fed nymphs (12) and used as template to amplify DNA encoding the full-length salp14 (450 bp; GenBank accession no. AF 209921), full-length salp9pac (410 bp; GenBank accession no. AF 515779) and a partial fragment encoding I. scapularis actin (520 bp; GenBank accession no. AF 426178). Gene-specific primers containing BglII and KpnI restriction sites were used in the PCRs. The primer sequences are as follows: salp14, 5Ј-GAAGATCTTCATGGGGTTGACCGAACC-3Ј and 5Ј-CGGTACCGCATAAGTTTTTCTCCTG-3Ј; salp9pac, 5Ј-GAAGATCTTCATGGGGTTGACTGAG-3Ј and 5Ј-CGG-TACCGTATCTTTATTAAG-3Ј; and actin, 5Ј-GAAGATCT-TGAGAAGATGACCCAG-3Ј and 5Ј-CGGTACCGTTGC-CGATGGTGATCACC-3Ј. The resultant amplicons were purified and cloned into the BglII-KpnI sites of the L4440 double T7 Script II vector (21) . dsRNA complementary to the DNA insert was synthesized by in vitro transcription using the Megascript RNAi kit (Ambion, Austin, TX). The dsRNA was purified and quantified spectroscopically. We injected Ϸ0.5 l of dsRNA (1 ϫ 10 10 molecules per l) (corresponding to salp14 and salp9pac dsRNA, individually or in combination) or actin dsRNA into the ventral torso of the idiosoma, away from the anal opening of adult I. scapularis females. The injections were carried out by using 10-l microdispensers (Drummond Scientific, Broomall, PA) drawn to fine-point needles by using a micropipette puller (Sutter Instruments, Novato, CA). The needles were loaded onto a micromanipulator (Narishige, Tokyo) connected to a Nanojet microinjector (Drummond Scientific). Control ticks were injected with 0.5 1 l of injection buffer (10 mM Tris⅐HCl, pH 7.5͞1 mM EDTA). At least 15 ticks were used in each group. The ticks were allowed to rest for 1 day before placement with uninjected male ticks on the ears of New Zealand White rabbits. Female ticks that fell off on repletion or those that remained attached after 6 days were collected and weighed on a digital balance.
Northern Blot Analysis to Confirm Gene Silencing. Salivary glands were isolated from groups of mock-injected and dsRNA-injected ticks, and total RNA was isolated as described (12) . The RNA was spectroscopically quantified, and Ϸ1 g was electrophoresed and transferred to Hybond-N membranes (Amersham Biosciences) according to standard protocols (24) . DNA fragments corresponding to full-length salp14 and salp9pac were labeled with fluoresceindUTP by using the Gene Images Random-Prime DNA-labeling module, and hybridization was carried out according to the manufacturer's protocols (Amersham Biosciences). The blots were probed with labeled salp14 and salp9pac individually or in combination. Hybridization was detected by using the Gene Images CDP Star detection module (Amersham Biosciences). Also, the blots were hybridized separately with a fluorescein-labeled dUTP DNA fragment corresponding to full-length salp25D (GenBank accession no. AF 209911).
Western Blot Analysis to Confirm Gene Silencing. Salivary glands were isolated from groups of six to eight experimental and six to eight mock-injected ticks. The tissues were suspended in sterile PBS (10 l of PBS per salivary gland tissue) and homogenized. Total protein was quantified by using the Bradford method. Equal amounts of salivary gland protein (1 g) from mockinjected and dsRNA-injected ticks were electrophoresed on an SDS͞12% polyacrylamide gel and processed for immunoblotting. The immunoblots were incubated separately with polyclonal antibodies generated against the rSalp14 containing an N-terminal maltose-binding protein (MBP) fusion tag (12) and polyclonal anti-actin antibody (Sigma-Aldrich). Bound antibodies were detected by using horseradish peroxidase-conjugated goat anti-guinea pig or goat anti-rabbit secondary antibodies (Sigma-Aldrich). The immunoblots were developed by using a Western Lightening chemiluminescence kit (Perkin-Elmer). As a positive control, the blots were also probed with polyclonal guinea pig antibody to another recombinant salivary protein, MBP-conjugated Salp25D (23).
Confocal Microscopy. Salivary glands of mock-injected and experimental ticks (10-12 ticks per group, n ϭ 4 experiments) were dissected in PBS, placed on sialylated slides (PGC Scientific, Gaithersburg, MD), washed in PBS, and fixed in acetone (10 min at 4°C) as described (25) . Salivary gland samples were blocked in PBS͞10% FCS͞0.5% Tween 20 before antibody incubations. Because rMBP-conjugated Salp14 antisera resulted in a high background in confocal microscopy, we used a Drosophila expression system (Invitrogen) to generate a recombinant protein referred to as rDES-Salp14, which was purified according to the manufacturer's instructions. Polyclonal antibodies directed against purified rDES-Salp14 were generated in guinea pigs by using standard regimens, as described for rMBP-conjugated Salp14 (12) . Anti-rDES-Salp14 antibodies reacted with native Salp14, as observed by immunoblot analysis of I. scapularis salivary gland extracts (Fig. 3) . Primary antibodies to rMBPconjugated Salp25D (23) and rDES-Salp14 generated in guinea pig were incubated with the fixed salivary glands for 1 h at room temperature at a 1:100 dilution in blocking buffer. Normal guinea pig serum served as a control. Antibody binding was detected by using tetramethylrhodamine isothiocyanate (TRITC)-conjugated anti-guinea pig antibody (Sigma-Aldrich) at 1:200 dilution in PBS͞10% FCS. Salivary glands were counterstained with 10 M To-PRO-3 iodide, a nuclear stain (Molecular Probes), for 3 min at room temperature, washed briefly with PBS͞0.5% Tween 20, mounted in glycerol, and imaged by using a Zeiss LSM 510 confocal microscope with multitracking to eliminate bleed-through between fluorescent channels. Activated Partial Thromboplastin Time (aPTT) Assay. Salivary gland extracts (2.5 g) of mock-injected and salp14͞9pac dsRNA-injected ticks were assayed for anticoagulant activity in the aPTT assay (26) . The salivary gland extracts suspended in a maximum volume of 20 l were added to 20 l Alexin HS reagent (Sigma-Aldrich), followed by the addition of 50 l of normal human plasma, in a 96-well microtiter plate. After incubation for 15 min at 37°C, 20 l of 50 nM CaCl 2 was added to each well and the time to thrombus formation was measured over 3 min at 630 nm by using an MRX hard drive kinetic microplate reader (Dynex Technologies, Chantilly, VA). The clotting time was defined as the time (s) after the addition of CaCl 2 at which the rate of increase in OD 630 (OD 630 per min) reached its maximum value. This value was determined by using the REVELATION 2.3 computer software program, which was included with the microplate reader. Statistical significance was calculated by using Student's t test.
Factor Xa Inhibition Assay. A single-stage chromogenic factor Xa activity assay (26) was used to measure the inhibitory activity in the salivary gland extracts. Clotting factor Xa (Enzyme Research Laboratories, South Bend, IN) was diluted to 500 pM in 10 mM Hepes (pH 7.5) containing 0.1% BSA and 150 mM NaCl. Duplicate samples of salivary gland extracts from doublestranded salp14͞salp9pac RNA-injected or mock-injected ticks (0.5-10 g of protein) were incubated with 100 l of factor Xa for 15 min at room temperature in a 96-well microtiter plate. Fifty microliters of 1 mM S-2765 (DiaPharma, West Chester, OH) was added. Substrate hydrolysis was measured at 405 nm over a period of 5 min by using a kinetic microplate reader. Results were expressed as a ratio of substrate hydrolysis in the presence (V i ) or absence (V 0 ) of adult tick salivary gland extract and plotted to evaluate the relative inhibition (26) .
Results
Impact of Gene Silencing on Tick Feeding. Ticks were injected with actin dsRNA or salp14 and salp9pac dsRNA, individually or in combination, as described in Materials and Methods. Ticks were collected after 6 days and evaluated. Aljamali et al. (22) suggested that with prolonged feeding, injected dsRNA might be spit out or diluted by increasing salivary gland mass as feeding progresses, reducing the effect of the treatment. We, therefore, fed the ticks for 6 days. Day 6 was chosen because it is the time when a majority of mock-injected ticks detach or feed to repletion. Adult I. scapularis ticks injected with actin dsRNA fed poorly and were unable to engorge (Fig. 1A) . The engorgement weights were significantly lower than those of adult ticks injected with buffer alone. Introduction of salp14͞salp9pac dsRNA, either singly or in combination, into I. scapularis adults also resulted in impaired tick feeding, although to a lesser extent than that observed on introduction of actin dsRNA (Fig. 1) . Whereas a visible phenotypic change was not obvious in ticks injected with salp14͞salp9pac dsRNA, ticks injected with actin dsRNA appeared pale and small in comparison with mock-injected ticks (Fig. 1 Inset) .
Demonstration of Gene Silencing by Northern Blot Analysis. Total RNA isolated from mock-injected and salp14͞9ac dsRNA-injected ticks was analyzed by Northern blotting. The absence or decrease in signal corresponding to salp14 and salp9pac mRNA in the salivary glands of ticks injected with salp14͞salp9pac dsRNA, either individually or in combination, indicated the destruction of mRNA corresponding to salp14 and salp9pac (Fig. 2) . salp25D mRNA encoding a peroxidase served as a control (Fig. 2B) . Equivalent signal for salp25D mRNA in the experimental and mock-injected groups confirmed the sequence-specific targeting of dsRNAmediated silencing (Fig. 2B) . The reason for the shift in the mobility of the mRNA corresponding to salp25D in the experimental group is not clear and could reflect secondary effects on the transcriptome of the tick salivary glands resulting from the disruption of the salp14 family expression. Because there is no obvious sequence homology between salp25D and the salp14 family, we did not expect any direct interaction between the salp14͞salp9pac dsRNA and salp25D mRNA.
Demonstration of Gene Silencing by Western Blot Analysis.
Protein extracts of salp14͞salp9pac dsRNA-injected and mock-injected tick salivary glands were analyzed by immunoblotting. Antisera raised against rSalp14 crossreacted with rSalp9Pac (12). Salp14 and Salp9pac share 70% identity, and the related structural paralogs share Ϸ65-89% identity at the protein level (17) . We expected that antibodies directed against Salp14 or Salp9pac would crossreact with most members of the family. On immunoblots of adult I. scapularis salivary gland extracts probed with antibodies directed against rSalp9pac or rSalp14, we observed a broad, predominant band between 20 and 28 kDa (Fig. 3A) . Electrophoretic separation of tick salivary gland extracts, followed by N-terminal analysis of immunodominant (23) and predominant (17) proteins, demonstrated previously that the Salp14 protein family has a mobility corresponding to Ϸ26 kDa. salp14 paralogs encode proteins with predicted molecular masses ranging between 9 and 11 kDa (17). Posttranslational modifications presumably contribute to the 20-to 28-kDa molecular mass observed on SDS͞PAGE gels. Therefore, immunoblots were probed with anti-rSalp14 antisera to detect and assess the expression of the Salp14 protein family. We observed a significant reduction in the expression of Salp14 and its structural paralogs in salp14͞salp9pac dsRNA-injected tick salivary gland extracts (Fig. 3 B and C, I ). When a duplicate immunoblot was probed with antisera raised against rSalp25D, equivalent levels of Salp25D protein were detected in the experimental and mockinjected groups (Fig. 3C, II) , suggesting that targeted gene silencing had been achieved.
Demonstration of Gene Silencing by Confocal Microscopy.
Fixed sections of experimental (salp14͞9pac dsRNA) and mock-injected salivary glands were examined for the presence of Salp14 family of proteins by confocal microscopy. The sections represent salivary glands from ticks that had detached or were removed after 6 days of feeding. Both experimental and mock-injected salivary glands Fig. 1 . Effect of RNAi targeting of Salp14, Salp9pac, and actin on tick feeding. dsRNA complementary to actin, salp14, and salp9pac was injected into the idiosoma of I. scapularis adults, as described in Materials and Methods. The injected ticks (10 -15 ticks per experimental group) were allowed to feed, and they were collected after they detached after feeding to repletion. The engorgement weights were recorded and plotted as a series of histograms to assess feeding efficiency. Inset shows that the ticks in the actin dsRNAinjected group appeared pale and were significantly smaller in comparison with other experimental groups. reacted equally with guinea pig anti-rSalp25D antibody, as evidenced by the TRITC-conjugated antibody staining of the salivary glands ( Fig. 4 A and B) . However, the binding of guinea pig anti-rSalp14 antibody to the salivary glands from salp14͞9pac dsRNA-injected ticks was reduced, as visualized by the TRITCconjugated antibody staining (Fig. 4D) in comparison with that observed in mock-injected salivary glands (Fig. 4C ). Structural differences indicative of major physiological differences were not apparent within the salivary glands of the mock-injected and dsRNA-injected groups. However, nuclei, visualized by the To-PRO counterstain, were often more prominent in the salivary glands of salp14͞9pac dsRNA-injected ticks (Fig. 4D , To-PRO) than in mock-injected salivary glands (Fig. 4 A and C, To-PRO) . The reason for the appearance of prominent nuclei in experimental tick salivary glands is unclear.
Impact of Gene Silencing on Anticoagulation. The salivary gland extracts of experimental and mock-injected ticks were tested for their ability to prolong the clotting time of normal human plasma in an aPTT assay and to inhibit factor Xa. Inhibition in either assay indicates anticoagulant activity. Salivary gland extracts (2.5 g) from mock-injected ticks prolonged the clotting time by 77 s. Equivalent amounts of salivary gland extracts from salp14͞salp9pac dsRNA-injected ticks prolonged the clotting time only by 20 s. Mock-injected salivary gland extracts (10 g) inhibited 80% of factor Xa activity, whereas salivary gland extracts lacking Salp14 family inhibited 20-40% of factor Xa activity in different experiments (Fig. 5) . Thus, reduced Salp14 family expression decreased the ability of tick salivary gland extracts to inhibit clotting in vitro.
Global Impact of Silencing the Salp14 Family. RNAi is a robust technique targeting mRNAs with sequences complementary to the introduced dsRNA (27) . However, it is likely that silencing the expression of the Salp14 family may lead to secondary effects on the tick salivary gland transcriptome. Therefore, an immunoblot of experimental and mock-injected adult ticks was probed with tick-immune rabbit sera to test this notion. Whereas antigens corresponding to the Salp14 family were reduced in the experimental group, antigens corresponding to Ϸ25 and 45 kDa were markedly increased in the experimental group (Fig. 6) . We also observed an Ϸ40-kDa antigen induced in the experimental group, albeit to a lesser extent than the 25-and 45-kDa antigens. Whether these changes reflect the ability of the tick to compensate for the loss of function(s) provided by the Salp14 family will have to be addressed.
Discussion
The development of tick vector-based vaccines has the potential of targeting multiple infectious diseases transmitted by I. scapularis. Targeting salivary antigens is one approach to thwart tick feeding effectively and block pathogen transmission. Characterizations of tick salivary antigens have, therefore, been based on their ability to (i) induce skin hypersensitivity reaction on tick-resistant animals, (ii) react with anti-tick immune serum, (iii) modulate host immune responses, and (iv) thwart host hemostatic mechanisms (28) . Although these approaches have identified several tick salivary proteins (11, 14, 16, 23, (28) (29) (30) (31) , an effective vaccine against I. scapularis ticks remains elusive. Recently, random sequencing of clones from an adult I. scapularis salivary gland cDNA library identified Ϸ100 I. scapularis genes (17) . Determining the physiological relevance of these gene products, identifying the appropriate vaccine targets, and establishing their vaccine potential remain major obstacles in tick vaccine development. In this article, we demonstrate the 4 . Confocal microscopy of dsRNA and mock-injected tick salivary glands. Salivary glands were isolated from mock-injected and salp14͞9pac dsRNAinjected ticks, placed on glass slides, and fixed in acetone. Salivary glands were labeled with normal serum, anti-rSalp14 polyclonal antibody, or anti-rSalp25D polyclonal antibody. Binding was visualized by using TRITC-conjugated secondary antibodies, as described in Materials and Methods. Nuclei were counterstained with To-PRO-3 iodide. Images were collected by using a ϫ40 objective. Images are shown both in single (Antibody and To-PRO) and merged fluorescent channels. Salivary glands of mock-injected ticks labeled with antibodies to rSalp25D (A) or rSalp14 (C) showed equivalent labeling, as assessed by the TRITC staining of the salivary acini. Salivary glands of salp14͞salp9pac dsRNA-injected ticks showed labeling with anti-rSalp25D antibody (B) that was comparable with that observed in salivary glands of mock-injected ticks (A), as judged by TRITC staining. However, salivary glands of salp14͞salp9pac dsRNA-injected ticks failed to label with anti-rSalp14 antibody, as evidenced by a significant decrease in the TRITC staining of the salivary glands (D) when compared with mock-injected ticks (C). Naïve guinea pig serum showed little or no binding, as visualized by TRITC staining to salivary glands of mock-injected (E) and dsRNA-injected (data not shown) ticks.
usefulness of RNAi to circumvent these problems and enable rapid target discovery and validation.
When dsRNA complementary to the tick actin gene was introduced into the tick hemolymph, the ability of the ticks to engorge was reduced dramatically (Fig. 1) . Actin is an important structural protein required for exoskeleton rearrangement during tick engorgement (32) . As expected, silencing the expression of actin (Fig.  3D ) impaired tick feeding (Fig. 1) by a global attenuation of tick activity unrelated to specific function associated with engorgement. This phenotype of actin dsRNA-injected ticks illustrates the usefulness of RNAi for silencing genes in I. scapularis ticks and assessing their functional significance.
Salp14, a protein identified in the saliva of I. scapularis ticks, was selected for the RNAi study because (i) Salp14 inhibits factor Xa, a protease in the coagulation cascade (12) , presumably enabling the tick to thwart host hemostasis during feeding; (ii) Salp14 appears to be a member of a large family of structural paralogs both in I. scapularis nymphs (E.F., unpublished data) and I. scapularis adults (17) ; and (iii) the Salp14 family includes immunodominant antigens recognized by tick-immune rabbit and guinea pig sera (12) . It was reasonable to presume that the Salp14 family may be important for tick feeding and may also be involved in eliciting tick immunity in vertebrate hosts.
RNAi is target-specific, inducing the silencing of genes by destroying only the mRNAs complementary to the introduced dsRNA (21) . However, RNAi can also trigger the destruction of mRNAs that contain significant stretches of sequence identity (33), i.e., off-target silencing. salp14 and salp9pac mRNA share 86% identity at the nucleotide level. The transcriptome of I. scapularis adults (17) and nymphs (E.F., unpublished data) appears to encode at least 30 paralogs of Salp14. The physiological significance and temporal expression patterns of these paralogs require further investigation. Because the mRNAs encoding the structural paralogs share 80-94% identity at the nucleotide level (17) , off-target silencing of Salp14 and Salp9pac paralogs is expected. Consistent with this notion, introduction of dsRNA corresponding to the full-length salp14 and salp9pac genes, alone or in combination, resulted in a significant decrease in the expression of the paralogous family, as evidenced by Northern and Western blot analyses of salivary gland extracts. Injection of salp14 and salp9pac dsRNA individually appears to trigger the destruction of the salp14 family more effectively (Fig. 2 A) than injection with a combination of salp14͞salp9pac dsRNA (Fig. 2B ). This result is in contrast to the observations made by immunoblot analysis of Salp14 family protein expression (Fig. 3 B and C) . We believe that the differences observed between the mRNA and protein expression levels (Figs. 2 and 3) result from experimental variation and biological diversity in the tick population. It is conceivable that RNAi targeting is not uniform in each microinjected tick. The Northern and Western blot analyses were conducted on pools of salivary gland extracts from five or six ticks. Salp14 protein and mRNA levels may correlate better when it is technically possible to perform analyses on individual tick salivary gland extracts. However, the results presented do not detract from the conclusion that RNAi targeting significantly reduces the expression of the Salp14 family at the mRNA and protein levels. Based on the current understanding of the mechanism of RNAi, both single and combination injections should target the salp14 family equally. We therefore do not observe a significant synergistic effect on dual injection. The use of siRNA unique and specific to salp14 or salp9pac will be required to observe the synergistic effect of dual injections Silencing the expression of the Salp14 family resulted in a 60-80% reduction in the ability of the salivary gland extracts to The ability of salivary gland extracts from mockinjected and experimental ticks to alter the coagulation time of human plasma was examined in an aPTT assay, as described in Materials and Methods. Whereas salivary gland extracts of mock-injected ticks prolonged the coagulation time of human plasma by 77 s, salivary gland extracts of experimental ticks prolonged the coagulation time of human plasma by 20 s compared with control. Human plasma incubated with PBS served as a control. Statistical significance was calculated by using Student's t test and is indicated above the mock and experimental groups. (B) Chromogenic assay of factor Xa inhibition. Factor Xa-mediated cleavage of chromogenic substrate (500 pM enzyme͞1 mM substrate) was measured in the presence of increasing concentrations of salivary gland extracts (0.5-10 g) from mock-injected and salp14͞salp9pac dsRNA-injected ticks. The ratio of velocities of substrate cleavage in the presence (V i) and absence (V0) of salivary gland extracts is plotted to show the relative inhibition. inhibit factor Xa (Fig. 5) . It was evident that the Salp14 family provides a physiological function important for feeding. Depleting this family of antigens reduced tick engorgement. Salp14 paralogs may also aid the tick in digesting the bloodmeal. A bifunctional role for anticoagulants in feeding and in bloodmeal digestion has been described in tsetse flies. Lester and Lloyd (34) showed that tsetse flies with salivary glands removed fed without difficulty but later died with clots found throughout the alimentary canal. A thrombin inhibitor is present in the salivary glands and midguts of tsetse flies (35) , implicating an important role for anticoagulants represented in the midguts of blood-feeding arthropods. Transcripts representing Salp9pac have been observed in the midguts of I. scapularis nymphs (12) . It is conceivable that interfering with the expression of the Salp14͞Salp9pac paralogs in the tick midgut may impact feeding also. Future experiments could possibly assess the ability of dsRNA injected into the hemolymph of I. scapularis to target midgut mRNAs.
Disrupting the expression of the Salp14 family may induce the expression of other anticoagulants or functional paralogs in the tick salivary gland repertoire to compensate for the loss of function provided by the Salp14 family. The observation that feeding was not abolished in the experimental ticks underscores this hypothesis. Random sequencing of cDNA clones from an I. scapularis salivary gland library suggests the presence of functional and structural redundancy in the tick salivary gland transcriptome (17) . Western blot analysis of the salivary gland extracts from mock-injected and salp14 dsRNA-injected ticks by using tick-immune rabbit sera indicated a change in the antigenic profile on Salp14 silencing. These changes might represent the up-regulation of other anticoagulants, such as Ixolaris (11), to compensate for the loss of Salp14 family function. The Ϸ25-kDa antigen that is induced in the salivary gland extracts of salp14͞salp9pac dsRNA-injected ticks (Fig. 6 ) could potentially represent Ixolaris, a 24-kDa anticoagulant identified from an adult I. scapularis salivary gland cDNA library (17) . However, antibodies directed against Ixolaris or N-terminal analysis of this protein band would be required to ascertain the identity of the 25-kDa antigen. Simultaneous ablation of Ixolaris and Salp14 family might effectively thwart tick feeding. Gene-expression profiling in conjunction with gene silencing should enable identification of the ''fall-back'' strategies of the tick. This understanding is crucial to the design of an appropriate coctail vaccine to disable the tick effectively and block pathogen transmission.
B. burgdorferi transmission from infected ticks was not assessed in this study. We anticipate that the 50-70% overall reduction in feeding efficiency may not be sufficient to abolish pathogen transmission. A 50% reduction in engorgement weight should result in a reduction in the pathogen burden in the vertebrate host. However, this estimation is based on the simplistic assumption that feeding rate determines the efficiency of pathogen transmission. This assumption does not take into account the role of vector-pathogen interactions that play a crucial role in pathogen growth in the vector and transmission. We anticipate that abrogation of these interactions may have an impact on transmission without necessarily affecting the rate of tick feeding. It has not been determined whether the Salp14 family is involved in crucial interactions with B. burgdorferi. Future experiments could be conducted on I. scapularis nymphs to assess the impact of Salp14 ablation on pathogen transmission.
The results described here extend the usefulness of the RNAi strategy to determine the in vivo physiological significance of I. scapularis salivary genes and allow rapid discovery of tickvaccine targets. The dsRNA-mediated RNAi approach has enabled the targeted disruption of the Salp14 family as a whole. Elucidating the significance of the individual members of the Salp14 family will require the design and use of siRNA molecules (36, 37) . This strategy may provide insights into the evolutionary and biological significance of the redundancy in the tick transcriptome (17) . In vivo gene silencing of I. scapularis genes by RNAi also opens the door to an exciting approach for examining vector-pathogen interactions that are crucial for pathogen colonization, growth, and transmission.
